AND CONCLUSIONS 1. A muscle spindle primary afferent (group Ia) was physiologically identified and labeled intracellularly with the use of horseradish peroxidase (HRP) in the cat lumbar spinal cord. Serial-section electron microscopy (EM) was used to examine and reconstruct an entire axon collateral and its branches within Clarke's column. In the present study the existence and location of presynaptic contacts on Ia afferent boutons along these collateral branches were determined from examination of the serial-section electron-micrographs.
1. A muscle spindle primary afferent (group Ia) was physiologically identified and labeled intracellularly with the use of horseradish peroxidase (HRP) in the cat lumbar spinal cord. Serial-section electron microscopy (EM) was used to examine and reconstruct an entire axon collateral and its branches within Clarke's column. In the present study the existence and location of presynaptic contacts on Ia afferent boutons along these collateral branches were determined from examination of the serial-section electron-micrographs.
2. Of 36 Ia boutons examined in serial sections along the branches of the same collateral, 3 presynaptic contacts were found. Two of these contacts were made with Ia boutons in a complex nodal region consisting of two unmyelinated side branches exhibiting a total of six Ia boutons. The other presynaptic contact was made with a Ia bouton in a nodal region consisting of two Ia boutons connected by a thin unmyelinated bridge.
3. Computer simulations, based directly on the serial-section reconstructions, were used to investigate the possible effects of these presynaptic contacts on membrane potential and on a propagating action potential along the Ia collateral. The effect of a presynaptic contact was modeled by a sustained y-aminobutyric acid-A (GABA*) -activated chloride conductance. 4. The simulation results indicated that the effect of a presynaptic contact on membrane potential and action-potential amplitude is likely to extend beyond the contacted bouton to other boutons occurring along the short unmyelinated branches arising from the same node. However, despite a large reduction of the action-potential amplitude within such a nodal region, the action potential was relatively unaffected at prior and subsequent nodes along the myelinated collateral.
5. Simulations of action-potential generation, based on different densities of voltage-dependent sodium and potassium conductances and the resting membrane leak conductance, indicated that a very large sustained chloride conductance compared with known synaptically mediated GABA* conductances was required to significantly reduce the action-potential amplitude, in agreement with a recent theoretical study on presynaptic inhibition by B. Graham and S. J. Redman. The possibility that presynaptic inhibition operates via a depolarization-induced inactivation of presynaptic calcium channels and the role of GABAB receptor activation is discussed.
INTRODUCTION
In the spinal cord, presynaptic inhibition of monosynaptic transmission between primary afferent fibers and spinal neurons is thought to be mediated by the release of y-aminobutyric acid (GABA) at axo-axonic contacts (reviewed by Burke and Rudomin 1977; Nicoll and Alger 1979; Rudomin 1990; Watson 1992) . Such axo-axonic contacts have been revealed in ultrastructural studies in the spinal cord demonstrating the existence of synaptic contacts between small boutons and primary afferent boutons (Conradi et al. 1983; Fyffe and Light 1984; Maxwell et al. 1990; Pierce and Mendell 1993; Walmsley et al. 1987) . However, these studies examined isolated boutons, and there is little comprehensive morphological information on presynaptic contacts along the branches of central axons. Such information would be very useful in understanding action-potential propagation and modulation during presynaptic inhibition, because previous studies have been based largely on hypothetical structural arrangements (Graham and Redman 1994; Segev 1990) . The importance of the location and origin of presynaptic contacts along primary afferent fibers has been recently revealed in a physiological study by Eguibar et al. ( 1994) , who showed that there is highly selective descending presynaptic control over individual collaterals arising from the same afferent fiber in the spinal cord.
In a previous study, serial-section electron microscopy (EM) was used to reconstruct an entire axon collateral arising from a group Ia afferent fiber in Clarke's column of the cat spinal cord (Nicol and Walmsley 199 1) . That study revealed a diverse range of geometries and myelination patterns along the collateral and its branches. The location of presynaptic contacts along the collateral branches is now presented, and the effect of activating these presynaptic contacts on the time course and amplitude of a propagating action potential is subsequently investigated in a simulation based directly on the ultrastructural observations.
METHODS
Labeling and serial-section reconstruction of the group Ia axon Experiments were performed on young adult cats weighing 1.5 -3.5 kg. Cats were anesthetized with pentobarbital sodium (Nembutal) 35 mg/kg ip and maintained on supplementary doses (5 mg/ kg iv) as required. The experimental protocol for obtaining recordings and labeling of individual primary afferent fibers in the lumbosacral spinal cord has been described in detail previously (Walmsley et al. 1985 (Walmsley et al. , 1987 , and the particular plantaris Ia afferent used in the present study is the same as that described in the electron-microscope study by Nicol and Walmsley ( 1991) . Five experiments were carried out before acceptable labeling and tissue preservation were achieved for serial-section EM. Briefly, a group Ia primary afferent fiber arising from the plantaris muscle in the hindlimb was physiologically identified (Tracey and Walmsley 1984) and intracellularly injected with a solution containing 10% 2) Unmyelinated membrane: &a = 105 mS/cm2, gL = 4.7 horseradish peroxidase (HRP), in the dorsal columns at the L3 mS/cm2. segment of the spinal cord. After HRP injection, the animal was 3) Passive membrane: g& = 0, gL = 4.7 mS/Cm". perfused with 2.5% glutaraldehyde in phosphate buffer (0.1 M, pH 7.3). Spinal cord segments L3 and L4 were removed, parasagittal sections (100 pm) cut with the use of a Vibratome tissue slicer, and the tissue reacted for HRP with the use of diaminobenzedine. The HRP-labeled Ia fiber was then viewed and photographed under the light microscope and processed for EM. Processing for EM involved secondary fixation in 1% OsO,, dehydration in alcohols, and embedding in Spurr's resin ( Spurt-1969) . Serial sections 70-100 nm were cut with the use of a diamond knife on a Reichert Ultracut microtome and collected on copper slot grids coated with collodion. Sections were stained with 1% uranyl acetate and lead citrate and then examined and photographed with a JEOL 1OOC electron microscope. Reconstruction and measurement of the labeled plantaris afferent was carried out from the series of -15,000 photomicrographs.
Computer simulations of action-potential propagation
The computational methods used in the present study to simulate action-potential propagation are identical to those used in a recent theoretical analysis of presynaptic inhibition by Graham and Redman ( 1994) . A compartmental model of the axon was established for the Ia collateral and the action potential described with the use of Hodgkin-Huxley kinetics. Solutions were computed with the use of a backward Euler numerical method, as described fully in Graham and Redman ( 1994) .
At present, the location, density, and types of ionic channels in the central branches of sensory axons are largely unknown. Therefore a variety of different combinations of voltage-dependent sodium and potassium conductances and leak conductance were explored in simulations of action-potential propagation. The Ia collateral used in this study exhibited both myelinated and unmyelinated regions, and the nodal regions all contained synaptic boutons. The following channel densities were used in various combinations, as indicated in RESULTS. -dependent sodium
The conductance, &a, with repolarization by a passive leak conductance, g, (i.e., no voltage-dependent potassium conductance, gk). The following descriptors are used to indicate densities of g& and gL, and scaled to 37OC with a Qlo of 2.0 (see Graham and Redman 1994) .
1) Nodal membrane : gNa = 740 mS/cm2, gL = 47 mS/cm2.
In these simulations a delayed potassium current, gk, with kinetics and activation characteristics described by Chiu and Ritchie ( 1980)) was used in the unmyelinated axon and scaled to 37OC with a Q10 of 1.6, with gNa = 105 mS/cm2, gk = 20 mS/cm2, and gL = 0.47 mS/cm2.
Simulation ofpresynaptic inhibition
The pharmacological study of Stuart and Redman ( 1992) demonstrated that synaptically mediated presynaptic inhibition of Ia transmission in the cat spinal cord occurs primarily through the activation of a GABA* receptors. [Although Ia afferent transmission is reduced by the GABAB agonist ( -)-baclofen, the involvement of GABAB receptors in synaptically mediated presynaptic inhibition was considered by Stuart and Redman (1992) to be minor.] Presynaptic inhibition was modeled in the present study as a steady-state depolarizing chloride conductance (range 0-10 nS), with a reversal potential of -40 mV, in accordance with the simulations by Graham and Redman ( 1994) . As a basis for comparison, the quanta1 GABA,-mediated synaptic conductance for central neurons is in the range 0.1-0.4 nS (Edwards et al. 1990; Kraszewski and Grantyn 1992; Ropert et al. 1990 ).
Measurements of the peak amplitude of the action potential and the steady-state depolarization following activation of a chloride shunt are both calculated with respect to the resting membrane potential before activation of the chloride conductance.
RESULTS
Location of presynaptic contacts Figure 1 illustrates a schematic diagram of the Ia collateral in Clarke's column of the spinal cord, reconstructed from serial-section EM. This diagram illustrates that all of the nodal regions along the collateral contained synaptic boutons, which were often joined by thin, unmyelinated bridges. A total of 36 synaptic boutons were carefully examined in electron-micrographs from serial sections for putative presynaptic contacts (identified as regions of increased presynaptic density and clustering of vesicles). A total of three putative presynaptic contacts were found, and the location of these contacts is illustrated in Fig. 1 (A-C).
First nodal region
Two presynaptic boutons were found to contact separate Ia boutons along the same small side branch, as illustrated in detail in Fig. 2 . Figure 2 illustrates this entire nodal region reconstructed from serial sections. Boutons 1 and 3 were each contacted by a single small bouton, as illustrated in the electron-micrographs to the right of the reconstruction. A second side branch, also shown on the reconstruction (and giving rise to boutons 5 and 6)) originated immediately distal to the same small nodal bouton (bouton 4), but was not contacted by presynaptic boutons. An interesting question arising from this arrangement of boutons is whether or not an action potential would be significantly affected at all of the boutons along both side branches during activation of the two presynaptic contacts on a single branch (see Simulations) . The incoming myelinated axon continued to the next nodal region following remyelination immediately after the second nodal branch. (Fig. 3) . B: action potential is of longer duration in this nodal region than in previous (before branch) and subsequent (after branch) nodes.
central bouton (bouton 4) was given nodal membrane characteristics, and all of the five boutons on both side branches were given unmyelinated membrane characteristics (see METHODS).
(The short segments of unmyelinated axon on each side of bouton 4 were not considered significant in these simulations.) The amplitude and time course of a propagating action potential (without presynaptic inhibition) are illustrated in Fig. 4A for boutons 1, 3 , and 6, and in Fig.  4B for the nodal bouton (bouton 4) and for the prior and subsequent nodes along the axon. As seen in Fig. 4A , the action potential is very similar for boutons 1, 3, and 6, although it is of longer duration in this branched node than at the nodes on either side (Fig. 4B) . Figure 5 illustrates the effect of activating both presynaptic boutons, modeled by a steady-state 7-nS chloride shunt to boutons 1 and 3 (see METHODS).
The application of the shunt caused a depolarization that was greatest in bouton 1 and least in bouton 6. This shunt also resulted in a large decrease in the peak amplitude of the action potential, an effect that was again greatest at bouton 1 and least in bouton 6. Although there was a significant decrease in the amplitude of the action potential at all boutons in the branched node, the action potential at the prior and subsequent nodes was unaffected by the large shunt (Fig. 5B) . In addition to the peak amplitude, the shunt also affected the duration of the action potential in the branched Fig. 3 . Activation of presynaptic contacts was simulated by a 7-nS chloride shunt to both boutons 1 and 3 (Fig. 3 ) . A : membrane-potential and action-potential amplitude in boutons 1, 3, and 6 are reduced during presynaptic activation.
B : action potential at previous (before branch) and subsequent (after branch) nodes is unaffected during activation of presynaptic contacts, despite a large reduction in membrane-potential and actionpotential amplitude in this nodal region (branch point). node. Figure 6 illustrates the action potential in bouton 1 under the same conditions as Fig. 4 , with the shunted action potential scaled to the same amplitude as the control action potential (no shunt). The application of the shunt produced a significant decrease in the duration of the action potential. This is likely to contribute to a reduction in transmitter release, as demonstrated by Katz and Miledi (1965) at the neuromuscular junction. Figure 7 illustrates the relationship between the amplitude of the chloride shunt (applied simultaneously to both boutons 1 and 3)) and the action-potential amplitude (Fig. 7A ) and membrane potential depolarization (Fig. 7B) . In agreement with the recent theoretical study of Graham and Redman ( 1994) , it is clear that a chloride shunt of several nanosiemens is required to cause a significant reduction in the amplitude of the action potential.
Second nodal region
The second region found to exhibit a presynaptic contact is illustrated in detail in Fig. 8 . This nodal region consisted of two boutons separated by a short unmyelinated bridge. Bouton 1 in Fig. 8 was found to be contacted by a small presynaptic bouton, as illustrated in the photomicrograph. Bouton 1 was contacted by the myelin sheath of both the incoming and outgoing axon. This arrangement was also observed at several other nodes consisting of single boutons along the axon, which indicated that the active conductances underlying the action potential are likely to be located in the bouton membrane itself (Nicol and Walmsley 1991) . Figure 9 illustrates a schematic diagram of the region illustrated in Fig. 8 . Figure 10 The results of simulations of action-potential propagation and the effects of presynaptic contacts are illustrated in Fig. 10 .
lations in which bouton 1 was given nodal membrane characteristics and bouton 2 was given unmyelinated membrane characteristics.
A lo-nS shunt applied to the nodal bouton produced a significant depolarization and decrease in the amplitude of a propagating action potential (Fig. IOA) . Despite this large shunt, the action potential easily propagated through this region and was unaffected at the prior and subsequent nodes. The membrane potential and the action potential at boutons 1 and 2 were similarly affected by the shunt applied to bouton 1, as illustrated in Fig. 1OA . The presence or absence of the branch containing bouton 2 clearly made little difference to the effect of the shunt, as illustrated in the simulation result shown in Fig. lOB , without this branch. Figure 1OC illustrates the relationship between the magnitude of the shunt and the amplitude of an action potential propagating through this nodal region. As in the previous configuration, a shunt of several nanosiemens is required to significantly reduce the amplitude of an action potential.
Active repolarization
The results presented thus far have been based on a passive repolarization of the action potential. Further simulations were performed with the use of an active potassium conductance, with the parameters given in METHODS (AC-
TIVE SODIUM AND POTASSIUM CONDUCTANCES).
The results demonstrated that with these parameters, repetitive actionpotential generation occurred with the activation of a chloride conductance of sufficient magnitude to cause a significant decrease in the amplitude of the action potential (see DISCUSSION) .
DISCUSSION
Axo-axonic synapses are widely believed to provide the structural basis for presynaptic inhibition in the spinal cord (Gray 1962) . This study has provided a comprehensive picture of axo-axonic contacts along a sensory afferent collateral and its branches within Clarke's column of the spinal cord. Of 36 boutons occurring along the branches of the plantaris Ia collateral examined in serial sections under the electron microscope, 3 were found to be contacted by presynaptic boutons. Two of these three presynaptic contacts were made with boutons along the same unmyelinated side branch. This complex nodal region consisted of a small bouton that gave rise to two branches exhibiting two and three boutons, respectively, making a total of six boutons. The third presynaptic bouton was found to contact a Ia bouton in a nodal region consisting of two boutons connected by a small unmyelinated bridge.
The results of our previous ultrastructural studies on Ia afferent fibers have indicated that, at simple nodes consisting of a single bouton, the only bare nodal membrane is that of the bouton itself (Nicol and Walmsley 199 1) . Therefore it was concluded that the voltage-dependent conductances underlying the action potential are likely to be located in the bouton membrane for these simple nodes, although the location and density of the voltage-dependent channels in complex nodes displaying boutons connected by thin unmyelinated bridges is unknown (Nicol and Walmsley 1991) . In the present study, a variety of voltagedependent and leak conductances were examined in simulations of action-potential propagation through the two regions exhibiting presynaptic contacts. The study by Stuart and Redman ( 1992) concluded that GABA, receptors play only a minor role in synaptically mediated presynaptic inhibition in the cat spinal cord, which appears to be primarily due to the activation of GABA, receptors. Presynaptic inhibition was therefore modeled in the present study as a GA-BA, receptor-activated chloride conductance ( see also Graham and Redman 1994) .
Simulations of the activation of presynaptic contacts along the Ia collateral described in the present study revealed the following observations.
1) The effect of a presynaptic contact is not restricted to the contacted bouton but may influence the action potential at other boutons located along short unmyelinated branches arising from the same node. For example, all six boutons in one of the nodal regions experienced membrane depolarization and action-potential reduction as a result of activation of the presynaptic contacts made with just two of these boutons (see RESULTS).
2) The effect of a presynaptic contact is likely to be restricted to the nodal region exhibiting presynaptic contacts. The simulation results indicate that, even for a shunt that severely reduces the action potential in a nodal region, the action potential is largely unaffected at the prior and subsequent nodes. No evidence was obtained to support the possibility of complete conduction block of the propagating potential along the axon collateral branches (e.g., Henneman et al. 1984) .
3) A chloride shunt of several nanosiemens is required to significantly depolarize the membrane potential and reduce the amplitude of an action potential. Graham and Redman (1994) calculated that transmitter release would be significantly reduced for a decrease in the amplitude of an action potential to 590 mV. In the present study, this would require a chloride shunt of 3 -8 nS at each bouton, in agreement with Graham and Redman ( 1994) . Compared with previous estimates of quanta1 GABA conductances of 150-300 pS, this represents an extremely large maintained conductance (Graham and Redman 1994; Kraszewski and Grantyn 1992; Ropert et al. 1990 ).
The simulations presented in RESULTS are based on passive repolarization by a leak conductance. If repolarization were assisted by an active potassium conductance, then a smaller leak conductance would be required. This would then potentially increase the effect of a chloride shunt on membrane-potential depolarization and action-potential reduction. It is likely that there is an active potassium conductance underlying the generation of action potentials in sensory afferents, because synaptic transmission between Ia afferents and motoneurons is affected by 4-aminopyridine (Jack et al. 1981; Jankowska et al. 1977 ). This situation has been simulated in the present study with the use of the conductance values given in METHODS (ACTIVESODIUMANDPOTASS~UMCONDUCTANCES).
Theresults indicate that, as expected, a smaller conductance is required to depolarize the membrane potential, but this effect is limited to small depolarizations that do not approach threshold for action-potential generation and that are not sufficient to significantly reduce the amplitude of an action potential. If the shunt is large enough to depolarize the membrane to threshold or above, then sustained repetitive firing of action potentials occurs. Terminal excitability studies of primary afferent fibers in Clarke's column during presynaptic inhibition do not report such repetitive firing, although the results are consistent with a significant primary afferent depolarization (Curtis et al. 1986; Jankowska and Padel 1984) . One possibility is that presynaptic inhibition operates primarily through a sustained subthreshold ( 15 mV) depolarization, rather than a substantial reduction in the amplitude of the action potential. A mechanism through which a sustained depolarization could act is by partial inactivation of voltage-gated calcium channels responsible for transmitter release. This would require a calcium channel that displays a steep voltage-inactivation relationship at resting membrane potential. Calcium channels with such properties have been reported, such as the low voltage-activated calcium channels described by Soong et al. ( 1993) . Depolarizations as little as 10 mV from resting potential can result in a 50% inactivation of some of these channel types. It will clearly be essential in further studies to obtain direct experimental evidence, not only on calcium channels, but also on the types, location, and densities of sodium and potassium channels in the central branches and boutons of sensory afferent fibers. Direct recordings from mammalian presynaptic terminals, such as those reported in the recent study by Forsythe ( 1994)) will be invaluable in these studies.
Functional implications
The small proportion ( 8% ) of Ia boutons found to be contacted by presynaptic boutons in the present study is in agreement with our previous ultrastructural study in Clarke's column (Walmsley et al. 1987) . This contrasts markedly with the high proportion of presynaptic contacts ( -80%) found on Ia boutons in the ventral horn by Pierce and Mendell ( 1993 ) and Fyffe and Light ( 1984) ) and this may reflect distinct differences in the control of Ta transmission in these two regions of the spinal cord.
The role of presynaptic inhibition during voluntary contractions in man has been investigated by Hultborn et al. ( 1987) , who proposed that there is very specific descending control of primary afferent transmission between Ia fibers and motoneurons. Their results demonstrate a decrease in presynaptic inhibition of Ia fibers innervating motoneurons of a contracting muscle, and a simultaneous increase in presynaptic inhibition of Ia fibers innervating a synergistic but noncontracting muscle (Hultborn et al. 1987) . Evidence for even more specific descending modulation of primary afferent transmission has recently been obtained by Eguibar et al. ( 1994) ) who have shown that there is selective presynaptic control of individual collateral branches arising from the same primary afferent fiber. In support of this concept, both the present study and our previous ultrastructural study (Walmsley et al. 1987 ) in Clarke's column indicate that presynaptic inhibition may operate by preferentially suppressing transmission at only a subset of the synaptic boutons arising from the same afferent fiber. The simulations have shown that the effectiveness of presynaptic contacts may be restricted to individual unmyelinated nodal regions along the parent axon. In this case, nodal regions connected by myelinated internodal segments may be effectively isolated from each other with respect to the action of presynaptic contacts, thus enabling segregated or selective presynaptic control over different branches arising from the same primary afferent fiber.
We are grateful to A. L. R. Fritchle for computer graphics. We also thank Prof. S. J. Redman for initial assistance in the modeling work and helpful discussions.
